A sequence-based analysis of seven housekeeping and virulence-related genes shows that the species Vibrio vulnificus is subdivided into three phylogenetic lineages that do not correspond with the biotypes and that biotype 2 is polyphyletic. These results support the reclassification of biotype 2 as a pathovar that would group the strains with pathogenic potential to develop vibriosis in fish.
Vibrio vulnificus is a pathogenic bacterial species that inhabits brackish waters in warm and tropical ecosystems (9, 11, 24) . The species is highly heterogeneous and has been subdivided into three biotypes. Biotype 1 is the most abundant; it is distributed worldwide and causes sporadic cases of human vibriosis. Biotype 2 is also distributed worldwide, and it is the only one that harbors the genetic information to infect both fish and humans. Finally, biotype 3 is geographically restricted to Israel, and it causes outbreaks of human vibriosis after fish handling (1, 4, 13, 25) . Biotype 2 is further subdivided into serovars A, E, and I (7; unpublished results), serovar E being the one associated with human vibriosis (1) .
The genes essential for fish vibriosis are located in a recently described virulence plasmid that can be transmitted between strains cointegrated with a conjugative plasmid (12) that is present in almost 90% of biotype 2 isolates (17) . In contrast, the genetic basis of human infection is poorly understood, since the putative virulence factors identified so far are found in both clinical and environmental isolates of the three biotypes (24, 27) .
Several studies based on multilocus sequence typing (MLST) of housekeeping genes (2, 3, 6 ) and on ribotyping (21) suggest that the species is subdivided into two main evolutionary lineages with apparently different human pathogenic potential; one includes a majority of the human clinical isolates of biotype 1 (clinical branch), and the other a majority of the environmental isolates of the same biotype (environmental branch). The few isolates of biotype 2 studied are in the environmental branch, while biotype 3 strains are in a variable position depending on the study (2, 3, 6) .
Given this scenario, the aim of this work has been to analyze the evolutionary origins of biotype 2, starting from the hypothesis that horizontal transfer of the virulence plasmid together with recombination events could have played a major role in the emergence of this biotype. To this end, a sequence-based analysis of three virulence-associated (vvhA, wzz, and pilF) and four housekeeping (glp, mdh, pyrC, and pntA) genes (selected from the MLST scheme for V. vulnificus [3] ) was applied to a collection of 115 isolates that included strains of the three biotypes from clinical (humans and fish) and environmental sources (Table 1) . The primer pairs for the genes are listed in Table S1 in the supplemental material. The genetic variability () at the locus and biotype level was examined by using DnaSP4.09 (20) . pilF and wzz (genes involved in surface antigen biogenesis) showed the highest levels of genetic variability (Table 2) . Regarding the biotypes, biotype 1 showed the highest genetic variability, while biotype 2 was highly homogeneous, and no genetic diversity was observed among the biotype 3 isolates (see Table S2 in the supplemental material).
To analyze the phylogeny of the V. vulnificus collection, we constructed a maximum likelihood (ML) tree from the 3,159-bp concatenated sequence of the seven loci ( Fig. 1 ) by using PHYML 2.4.4 (8) . The most appropriate model for nucleotide substitution was assessed with Modeltest version 3.7 (16) . The concatenated tree shows the isolates clustered into three main lineages (Fig. 1) . Lineage I (LI) contained isolates of biotypes 1 and 2 from fish farms and isolates from diseased fish and humans infected through fish handling or water contact. This lineage is enriched in European isolates, probably because the fish-farming industry is especially developed in Europe, whose countries apply specific-pathogen-control programs. LII was formed by biotype 3 strains from Israel, and LIII included biotype 1 isolates mostly recovered from environmental samples or from human septicemic cases registered in the United States and Asia. The nucleotide diversity within each lineage was then examined, and it was found that LI and LIII have similar values ( in Table S2 in the supplemental material). The human isolates are genetically more diverse than those from environmental origins, and both are much more diverse than isolates from diseased animals. This result would suggest that multiple environmental clones have the ability to infect humans, which correlates with human cases being presented as sporadic infections worldwide, and that only a few clones are able to infect fish, although they are overrepresented by clone amplification after epizootics in fish farms. The exception would be the clone formed by biotype 3 isolates, the only ones capable of causing outbreaks of human vibriosis. Furthermore, LI can be subdivided into four main groups, as follows: LI-A, grouping all biotype 2 serovar E isolates plus a Spanish biotype 1 isolated from a fish tank (CECT 4606); LI-B, formed by two atypical isolates of biotype 2 from Denmark; LI-C, clustering all non-serovar E biotype 2 isolates together with biotype 1 isolates from fish farms and humans; and lastly, LI-D, grouping a few biotype isolates from the environment and humans. Thus, biotype 2 is polyphyletic and appears to be divided into serovar-related subgroups, the isolates in each subgroup being more related to biotype 1 isolates from fish farms than to each other. This result is compatible with the hypothesis that biotype 2 emerged by acquisition of the virulence plasmid by V. vulnificus strains from fish farms.
The groupings of strains changed when only virulence or housekeeping genes were considered (Fig. 2) . In both cases, the position of biotype 3 changed, and this also occurred in the individual gene trees (Fig. S1 to S5 in the supplemental material). Previous studies of the phylogeny of V. vulnificus (based on different techniques, multilocus enzyme electrophoresis, MLST, or 16S rRNA or gene sequencing) divided the species into two main lineages, the clinical and the environmental lineages (5, 6, 10, 15, 19, 23, 26) . In our study, the division in the two lineages was observed in the phylogenetic trees from virulence-related or from housekeeping genes but not in the concatenated phylogenetic tree. Thus, it can be concluded that combining four housekeeping and three virulence gene sequences in the analysis gives enough resolution to show biotype 3 as an independent lineage. Bisharat et al. (3) proposed that biotype 3 contains a mosaic genome that would have evolved by hybridization of genomes of representative strains of the other two lineages. Our results support this hypothesis, although the change of position in the trees affected not only biotype 3 isolates but also biotype 2 non-serovar E isolates and biotype 1 strains, mostly from fish-farming environments ( Fig. 2 ; also see Fig. S1 to S5 in the supplemental material).
The Recombination Detection Program, version 3 (RDP3) (14) detected recombination in chromosome I by at least four of the implemented methods, involving two of the four loci (pilF and wzz). The putative recombinant events were mapped onto the phylogenetic tree of the seven concatenated loci (Fig. a For each recombinant locus, we considered two multiple alignments, the one from that locus and that obtained from the concatenated alignment of the other 6 loci. These two alignments were used to evaluate the likelihood (ϪlnL, negative natural log of the likelihood) of the ML trees obtained with each of them, and the tree obtained with each alignment is compared with that derived from the other by the Shimodaira-Hasegawa (SH) and expected likelihood weight (ELW) tests. Levels of significance for the SH/ELW tests: ‫,ء‬ P Ͻ 0.001. (Fig. 3B) , suggesting that pilF could be used as a genetic marker to distinguish isolates potentially dangerous to hu- mans. A PCR-based protocol to distinguish V. vulnificus isolates with pathogenic potential against humans based on the polymorphism in pilF has been designed and validated in our laboratory (18) . Conclusion. The V. vulnificus species is subdivided into three different phylogenetic lineages which do not correspond to the current intraspecific biotype classification. LI and LII seem to have evolved in fish-farming-related environments where recombination or/and horizontal transfer phenomena would have favored the emergence of pathogenic clones for fish or humans, which would have been amplified after outbreaks of fish (biotype 2) or human (biotype 3) vibriosis. The polyphyletic origin of the so-called biotype 2 supports its reclassification within the species as a pathovar that would group the strains with pathogenic potential to infect and develop vibriosis in fish.
